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Abstract 

0'*-methylguanine DNA methyltransferase (MGMT) can remove DNA alkylation adducts, thereby 
repairing damaged DNA and contributing to the drug resistance of gliomas to all<ylating agents. In addition, 
glioma stem-like cells (GSCs) have been demonstrated to be involved in the recurrence and treatment 
resistance of gliomas. In this study, we aimed to investigate MGMT expression and regulatory mechanisms 
in GSCs and the association of MGMT with temozolomide (TMZ) sensitivity. GSCs were enriched from 
one MGMT-positive cell line (SF-767) and 7 MGMT-negative cell lines (U251, SKMG-4, SKMG-1, SF295, 
U87, MGR1, and MGR2) through serum-free clone culture. GSCs from the U251G, SKMG-4G, SF295G, 
and SKMG-1 G cell lines became MGMT-positive, but those from the U87G, MGR1G, and MGR2G cell 
lines remained MGMT-negative. However, all the GSCs and their parental glioma cell lines were positive 
for nuclear factor-KB (NF-kB). In addition, GSCs were more resistant to TMZ than their parental glioma 
cell lines (P < 0.05). However, there was no significant difference in the 50% inhibition concentration 
(ICso) of TMZ between MGMT-positive and MGMT-negative GSCs (P > 0.05). When we treated the 
MGMT-positive GSCs with TMZ plus MG-132 (an NF-kB inhibitor), the antitumor activity was significantly 
enhanced compared to that of GSCs treated with TMZ alone (P < 0.05). Furthermore, we found that MGMT 
expression decreased through the down-regulation of NF-kB expression by MG-132. Our results show that 
MG-132 may inhibit NF-kB expression and further decrease MGMT expression, resulting in a synergistic 
effect on MGMT-positive GSCs. These results indicate that enhanced MGMT expression contributes to 
TMZ resistance in MGMT-positive GSCs. 
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Gliomas are the most common primary brain tumors in 
adults. Despite the progress made in the molecular aspects of 
malignant gliomas, the prognosis of brain tumors continues to be 
dismal. Glioblastoma multiform (GBM) is a highly aggressive brain 
tumor with a median patient survival of 14.6 months'^'; moreover, 
it is generally incurable and responds poorly to chemotherapy. 
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Chemotherapy has been used for decades to treat GBM, and 
the oral methylator temozolomide (TIVIZ) is currently the most 
widely used chemotherapeutic agent'^'. TIVIZ achieves cytotoxicity 
mostly by methylating the 0^ position of guanine. Because the 
O'^-methylguanine DNA methyltransferase (MGMT) can reverse 
alkylation at the 0^ position of guanine and neutralize the cytotoxic 
effects of alkylating agents'^', MGMT expression in brain tumors 
represents a key mechanism of resistance toward alkylating agent 
therapy''". 

In addition, several groups have confirmed the existence 
of glioma stem-like cells (GSCs) with self-renewal capability, as 
measured by serial neurosphere assays and the proliferation of tumor 
cells by ex vivo intracranial limiting dilution assays'"'. Many studies 
have demonstrated that GSCs promote therapeutic resistance and 
that they are likely to be responsible for the relapse of GBM'""'"'. 
Amit et a/."" revealed that a large proportion of glioma tumor cells 
display high constitutive activity of nuclear factor-KB (NF-kB). Such 
tumors usually show increased resistance to chemotherapy"^'. NF- 
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kB is a family of dimeric transcription factors. DNA damage induced 
by alkylating agents results in a marked increase in NF-kB activity 
Therefore, it was hypothesized that the role of NF-kB in anti-apoptotic 
mechanisms in human tumors contributes to the high incidence of 
chemoresistance to alkylating agents. However, there are limited 
data on the relationship between MGMT, NF-kB expression and TMZ 
resistance in GSCs. 

Materials and Methods 

Culture and identification of glioma stem-like cells 

The human glioma cell lines SF767, U251, SKMG-4, SKMG-1, 
SF295, U87, MGR1, and MGR2 were cultured in Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen-Gibco, China) supplemented 
with 10% fetal bovine serum (FBS, Invitrogen-Hyclone, China) in 
a humidified atmosphere containing 5% CO2 at 37°C. GSCs were 
enriched through serum-free clone formation with serum-free DMEM/ 
F12 supplemented with 2% B27, 20 ng/mL epidermal growth factor 
(EGF), and 10 ng/mL basic fibroblast growth factor (bFGF)'"'. 
Molecular markers of GSCs [CD133, Nestin, Sox-2, glial fibrillary 
acidic protein (GFAP), and beta-tubulin-1 (TUJ-1)] were detected by 
immunofluorescent staining. 

Detect MGMT and NF-kB expression by reverse 
transcription-polymerase chain reaction (RT-PCR) 

The total RNA of glioma cells was extracted using the TRIzol 
reagent (Invitrogen, USA) according to the manufacturer's protocol. 
Reverse transcription was performed with 2 pg of total RNA from 
each sample in a total volume of 20 |jL using the RevertAid™ First 



Strand cDNA Synthesis Kit (Fermentas, USA). GAPDH was used as 
a loading control. The sequences of the forward and reverse primers 
for each gene are listed in Table 1. Each polymerase chain reaction 
(PCR) mixture contained 1 |jL of cDNA, 10 |jL of Green GoTaq DNA 
polymerase (Promega, USA), 0.5 |jL of forward primer (10 |jmol/L), 
and 0.5 |jL of reverse primer (10 |jmol/L) in a final volume of 20 |jL. 
PCR was carried out as follows: 94°C for 2 min, followed by 35 cycles 
of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and 
elongation at 72°C for 30 s, and then 72°C for another 2 min and a 
final hold at 4°C. The PCR products were separated on 2% agarose 
gel, visualized by ethidium bromide staining, and photographed with 
a Gel Doc XR (Bio-Rad Laboratories, USA). 

Detect MGMT promoter methylation by 
methyaltion-specific PCR (MSP) 

Genomic DNA was extracted from each glioma cell line using a 
DNA extraction kit (Tiangen, China). The isolated DNA (1.8 pg) was 
bisulfite-treated using the EpiTect Bisulfite Kit (QIAGEN, Germany) 
according to the manufacturer's protocol. The modified DNA was 
then amplified using primers specific for either the methylated or the 
unmethylated MGMT promoter sequences, as listed in Table 2. Each 
PCR mixture contained 2 |jL of DNA, 25 |jL of EpiTect MSP Master 
Mix (QIAGEN, Germany), 1 |jL of forward primer (10 |jmol/L), and 
1 |jL of reverse primer (10 |jmol/L) in a final volume of 50 |jL. PCR 
was carried out as follows: 94°C for 2 min, followed by 35 cycles 
of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and 
elongation at 72°C for 30 s, and then another 2 min at 72°C and a 
final hold at 4°C. The PCR products were separated on a 2% agarose 
gel, visualized by ethidium bromide staining, and photographed with 
a Gel Doc XR (Bio-Rad Laboratories, USA). 



Table 1 . Sequences of primers used in polymerase chain reaction 



Gene 


Oligonucleotide 


Sequence (5'-3') 


Size (bp) 


MGMT 


Forward 
Reverse 


GTTATG AATGTAG GAG CCCTTATG 
TGACAACGGGAATGAAGTAATG 


239 


NF-kB 


Forward 
Reverse 


TGTGGGTTTCCTGTGCTAATG 
GAGACCAGCCTTTCTCCGTA 


208 


GAPDH 


Forward 
Reverse 


CGCTCTCTGCTCCTCCTGnC 
ATCCGTTGACTCCGACCnCAC 


108 



MGMT, O^-methylguanine DNA methyltransferase; NF-kB, nuclear factor-KB. 



Table 2. Sequences of primers used in methylation-specific polymerase chain reaction 


Gene 


Oligonucleotide 


Sequence (5'-3') 


Size (bp) 


Methylated MGMT 


Forward 
Reverse 


TTTCGACGnCGTAGGTHTCGC 
GCACTCnCCGAAAACGAAACG 


81 


Unmethylated MGMT 


Forward 
Reverse 


TTTGTGHTTGATGTTTGTAGG 1 1 1 1 1 GT 
AACTCCACACTCTTCCAAAAACAAAACA 


93 
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Detect MGMT and NF- kB expression by 
Western blotting 

The cells were washed using ice-cold PBS and lysed on ice 
using the radioimmunoprecipitation assay (RlPA) buffer (Beyotime, 
China). After the samples had been sonicated and centrifuged, the 
protein concentration of the supernatant was measured using the 
bicinchoninic acid (BCA) assay kit (Beyotime, China) according to 
the manufacturer's protocol. For each sample, equal amounts of 
total protein were mixed with 5x sample buffer [0.5 mol/L Tris-HCI 
pH 6.8, 10% (w/v) sodium dodecyl sulfate, 50% glycerol, 0.025% 
dithiothreitol, and 0.05% [w/v) bromophenol blue]. The samples 
were heated at 95°C for 5 min, separated on a 10% sodium 
dodecyl sulfate-polyacrylamide gel, and then trans-blotted onto a 
polyvinylidene difluoride (PVDF) membrane (Millipore, USA). The 
membrane was blocked in Tris-buffered saline (TBS) containing 0.1% 
Tween-20 and 5% skim milk at 37°C for 1.5 h and then incubated 
in primary antibodies against MGMT at 1:125 (Invitrogen, 357000, 
USA), NF-kB p65 at 1:50 (Biovision, P4336, USA) and |3-actin at 
1:1,000 (Beyotime, AA128, China) at 25°C for 2 h, followed by 
exposure to the horseradish peroxidase-conjugated secondary 
antibody (1:1,000) for 1 h. Proteins were visualized using the ECL 
system (Millipore, USA), and bands were exposed to Biomax MR film 
(Kodak, Japan). 



assay Cells were plated at a density of 5,000 cells/well in 96-well 
plates and allowed to attach overnight. Various concentrations of TMZ 
were then added, and the cells were cultured for 72 h. Four hours 
prior to harvest, 10 pL/well of the Cell Counting Kit-8 reagent (CCK-8, 
Dojindo, Japan) was added, and the cells were incubated for 4 h at 
37°C. The increasing number of viable cells resulted in the overall 
increased activity of dehydrogenases in the samples, with an ensuing 
increase in formazan dye formation. The quantity of formazan dye 
was determined by measuring the absorbance of the dye solution 
at a wavelength of 490 nm. The cell survival rate was calculated by 
comparing the absorbance values of the treated samples to those 
of the untreated controls within each group. The concentration of 
TMZ required to inhibit cell growth by 50% (ICjj) was calculated from 
survival curves using the Bliss Method'^'. The growth inhibition rates 
of treated cells were calculated by comparing with untreated cells. 
The growth inhibition rate of untreated cells was considered to be 
0%. 

Statistical analysis 

Statistical analysis was performed using SPSS 16.0 software. 
For all tests, the level of statistical significance was P < 0.05. All data 
are expressed as mean ± standard deviation (SD). Unless otherwise 
specified. Student's f test (two tailed) was used. 



Cytotoxicity assay 

The cytotoxic effect of TMZ (Sigma-Aldrich, USA) on glioma 
cells was detected by WST-8 assay Cells of each line were divided 
into four groups and remained untreated or treated with 500 |jmol/L 
TMZ for 72 h, 1 [jmol/L MG-132 (NF-KB inhibitor, Biovision, 1703- 
5, USA) for 72 h, or MG-132 for 24 h followed by TMZ for 48 h. After 
incubation, the cells from each group were subjected to the WST-8 



Results 

Characteristics of GSCs 

Eight GSC lines were successfully established by serum- 
free clone formation and began floating and propagating when 
cultured in serum-free medium containing EGF/bFGF/B27 (NSC 
medium) (Figure 1A). GSCs adhered to poly-lysine-coated plates 




Figure 1 . Characteristics of glioma stem-iii(e ceiis (GSCs). A, GSCs grow as neurosphere-like gliomaspheres in stem cell medium (original 
magnification x 20). B, GSCs adhered to poly-lysine-coated plates when cultured in 10% FBS/DMEM/F12 medium (original magnification x 
100). C, the expression of neuronal class III beta-tubulin-1 (TUJ-1), a neuronal marker on the GSC sphere (original magnification x 200). D, the 
expression of glial fibrillary acidic protein (GFAP), an astrocytic marker in the GSC sphere (original magnification x 200). E-G, immunostaining of 
tumor cells for neural stem cell markers, Nestin (E), CD133 (F), and Sox-2 (G), in the GSC sphere (original magnification x 200). 
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when cultured in 10% FBS/DIVIEM/F12 medium (Figure 1B). Glioma 
spheres generated from all GSC lines showed high immunoreactivity 
for neural stem cell markers CD133, Nestin, and Sox-2 but low 
immunoreactivity for markers of differentiated lineages, such as 
GFAP and TUJ-1 (Figure 1C-G). 

MGMT and NF- kB expression in the GSC lines 

Both RT-PCR and Western blotting data showed that the glioma 
cell lines U251, SKMG-4, SF295, SKMG-1, U87, MGR1, and IVIGR2 
were MGMT-negative and that SF767 was MGMT-positive. However, 
the GSC lines U251G, SKIV1G-4G, SF295G, SKMG-IG, and SF767G 
were MGMT-positive, whereas U87G, MGR1G, and MGR2G 



remained MGMT-negative. However, all the glioma cell lines and the 
GSC lines displayed positive NF-kB expression (Figure 2A, B). 

MSP data showed MGMT promoter methylation in all the 
glioma cell lines and the GSC lines except for SF767 and SF767G. 
Unmethylated MGMT promoters were detected in the glioma cell line 
SF767 and in the GSC lines SF767G, U251G, SKMG-4G, SKMG- 
IG, and SF295G but were not detected in the U87G, MGR1G and 
MGR2G cell lines (Figure 2C). Our data indicate that some MGMT- 
negative glioma cell lines may convert to MGMT-positive GSCs 
through serum-free clone culture. 

To evaluate the TMZ sensitivity in the glioma cells, the 8 GSC 
lines and the corresponding parental glioma cell lines were treated 
with various concentrations of TMZ and then assayed for cell viability 
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Figure 2. O'-methylguanine DNA methyltransferase (MGMT) and nuclear factor-icB (NF-kB) expression in the GSC iines and the parental 
glioma ceil lines. A, reverse transcription-polymerase chain reaction (RT-PCR) shows that the glioma cell lines U251 , SKMG-4, SF295, SKMG-1 , 
U87, MGR1, and MGR2 are MGMT-negative, whereas the SF767 cell line is MGMT-positive. However, the GSC lines U251G, SKMG-4G, SF295G, 
SKMG-IG, and SF767G become MGMT-positive, whereas the U87G, MGR1G, and MGR2G lines remain MGMT-negative. Meanwhile, all GSC 
lines and their parental glioma cell lines displayed high NF-kB expression. B, the Western blotting data are consistent with the RT-PCR results. 
C, methylation-specific polymerase chain reaction (MSP) shows MGMT promoter methylation in all GSC lines and their parental glioma cell 
lines except for the SF767 and SF767G lines. In addition, unmethylated MGMT promoters exist in the glioma cell line SF767 and the GSC lines 
SF767G, U251 G, SKMG-4G, SKMG-IG, and SF295G; Hfi was used as the blank control. 
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using the WST-8 assay. The IC50 values of TMZ were (1 ,478.28 ± 
84.19) |jmol/L for GSCs and (626.06 ± 156.99) \smo\IL for matched 
glioma cell lines (P < 0.05) (Figure 3A, B), indicating that GSCs are 
more resistant to TMZ treatment compared to the parental glioma cell 
lines. However, there was no significant difference in the IC50 values 
of TMZ between MGMT-positive and MGMT-negative GSC lines 
[(1,494.43 ± 88.43) |jmol/L vs. (1,446.00 ± 80.35) |jmol/L, P > 0.05] 
(Figure 3C). 

Down-regulation of MGMT expression was 
associated with the inhibition of NF- kB 
in MGMT-positive GSC lines 

When MGMT-positive GSC lines were treated with TMZ, MGMT 
expression level slightly decreased, TMZ treatment did not affect the 
expression level of NF-kB, as determined by RT-PCR and Western 



blotting. However, both NF-kB and MGMT expression levels were 
significantly down-regulated when MGMT-positive GSC lines were 
treated with 1 |jmol/L MG-132 alone or in combination with 500 
|jmol/L TMZ (Figure 4), indicating that the down-regulation of MGMT 
expression was related to NF-kB expression in MGMT-positive GSC 
lines. 

TMZ has a synergistic effect with NF- kB inhibitor 
on MGMT-positive GSCs 

Previous studies have shown that MGMT contains two 
putative binding sites for NF-kB that play an important role in MGMT 
regulation'"'. We hypothesized that TMZ might have a synergistic 
effect with an NF-kB inhibitor (MG-132) on MGMT-positive GSCs. 
To test this hypothesis, the WST-8 assay was used to examine 
the drug sensitivity of MGMT-positive GSC lines and the parental 
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Figure 3. The relationship between iMGiUT expression and resistance to temozoiomide (TiMZ ) in GSCs. A, the 50% inhibition concentrations (ICso) 
of TMZ for the GSC lines are significantly higher than those for the parental glioma cell lines (**P < 0.05). B, the mean IC50 of TMZ for all GSC lines is 
significantly higher than that for all parental glioma cell lines (**P < 0.05). C, the IC50 of TMZ for MGMT-positive and MGMT-negative GSC lines are 
similar (P> 0.05). 
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glioma cell lines. The results revealed that MG-132 alone had mild 
inhibitory activity on the glioma cells. However, when the cells were 
co-incubated with TMZ and IVIG-132, the cytotoxic effect on MGMT- 
positive GSCs significantly increased, revealing a synergy between 
MG-132 and TMZ. In addition, TMZ plus MG-132 only showed an 
additive effect on the parental glioma cell lines and the MGMT- 
negative GSC line U87G (Table 3). 

Discussion 

GSCs are more efficient in repairing damaged DNA and more 
rapidly recover from DNA damage than non-stem glioma cells'^'''. 
Therefore, effective treatments for GBM should target GSCs, which 



are resistant to current chemotherapy. MGMT is an important 
enzyme that can repair O'^-alkylguanine adducts on DNA and plays 
a significant role in the resistance to alkylating agents in GBM'^*^"'. 
Our results show that GSCs obtained from MGMT-negative glioma 
cell lines may become MGMT-positive, which may partially explain 
why some patients with MGMT-negative gliomas initially respond well 
but eventually relapse with TMZ therapy. Similar results have been 
reported by Liu et a/.'"', who postulated that MGMT expression was 
up-regulated in CD133-positive GSCs compared to CD133-negative 
cells. 

Current available data derived from studies on glioma cell lines 
and human tumor samples suggest that resistance to TMZ is closely 
related to MGMT-mediated DNA repair in gliomas''^'. Our present 
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Figure 4. Inhibiting NF-kB expression results in the down- 
regulation of IMGMT expression in the GSC line U251G. RT- 

PCR (upper panel) and Western blotting (lower panel) data 
show that TMZ treatment slightly down-regulated MGMT 
expression but did not affect NF-kB expression. MG-132 
alone or in combination with TMZ down-regulated both NF- 
kB and MGMT expression. T+M, TMZ plus MG-132. 



Table 3. Cytotoxic effects of temozolomide (TMZ) and IVIG-132 alone or in combination on MGMT-positive GSC 
lines and the parental glioma cell lines 



Cell line 




Growth inhibition rate (%) 




TMZ 


MG-132 


TMZ plus MG-132 


U251 


48.04 ±1.00 


15.49 ±2.12 


60.65 ± 2.49 


U251G 


17.48 ±2.24 


19.12 ±4.27 


62.99 ±1.07 


SKMG-4 


45.06 ± 2.46 


16.52 ±4.73 


57.28 ±8.35 


SKMG-4G 


20.44 ± 2.95 


20.69 ±3.84 


60.87 ±4.87 


SKMG-1 


42.39 ±1.60 


15.41 ±1.63 


54.12 ±2.07 


SKMG-1G 


19.33 ±4.07 


16.69 ±1.79 


57.02 ±1.53 


SF295 


43.72 ± 2.62 


16.30 ±4.49 


55.43 ±4.35 


SF295G 


19.18 ±0.68 


19.08 ±3.18 


57.37 ±3.20 


U87 


45.43 ±2.97 


21.08 ±1.72 


62.38 ±3.11 


U87G 


21.16±1.26 


24.45 ±2.12 


33.94 ±1.50 


TMZ, temozolomide; GSC, glioma stem-like cell. Data are presented as mean ± standard deviation (SD) of 3 repeated experiments. 
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study showed that GSCs were significantly more resistant to TMZ 
compared with their parental cell lines (P < 0.05), which is consistent 
with the data reported by Eramo et a/.™. However, we failed to find 
any significant difference in the ICjo values of TMZ between MGMT- 
positive and MGMT-negative GSC lines (P >0.05), indicating that the 
resistance to TMZ in MGMT-negative GSCs was not fully related to 
MGMT expression. These results are consistent with previous findings 
that MGMT expression alone does not always predict the response to 
TMZ'^^' and that MGMT status is only associated with TMZ sensitivity 
under differentiated conditions and not in stem-like cells under 
neurosphere conditions'^^'. Actually, genes other than MGMT might 
generate resistance to alkylating agents in the GSCs. For example, 
raising the expression of the drug transporters, including ABC (ATP- 
binding cassette) drug transporters, that pump out chemotherapeutic 
agents is another potential mechanism, as ABC expression may be 
enriched for cancer stem cells'^^'. In addition, multidrug resistance 
gene 1 {MDR1) has been found to be expressed in the majority 
of brain tumors, including glioblastomas. The effectiveness of the 
P-glycoprotein (P-gp) efflux pump may be influenced by other non- 
target substances inhibiting the pump transporter or by genetic 
variants having a functional impact on MDR1 transcription, leading 
to an altered ability of this P-gp to recognize target substrates'^"'. 
Furthermore, DNA repair systems may also play a significant role in 
repairing the cross-linking and oxidative damage caused by alkylating 
agents. It has been shown that excision repair cross-complementing 
rodent repair deficiency gene 1 {ERCC1) and ERCC2, two critical 
factors in the nucleotide excision repair (NER) pathway, are 
associated with resistance to alkylating agents'^"^'. In addition, a 
number of signaling pathways (e.g., RTK-Akt, Notch, BMPs, TGF-|3, 
Hedgehog-Gli, Wnt-|3-catenin, STATS, GSK3-|3) that are associated 
with GSC maintenance have been reported and could be related to 
drug resistance'^". Therefore, high MGMT expression will result in 
resistance to O'^-alkylating drugs, whereas low MGMT expression 
does not necessarily cause drug sensitivity Nevertheless, since most 
GBMs are MGMT-positive'^°', targeting MGMT with specific inhibitors 
could be an important strategy in GBM therapy '^^'. 
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